It was reported that monoclonal antibody (MoAb) J11 d.2 reacts with mature blood cells of mice but not with their progenitors. We tested in culture studies whether this antibody could be used for enrichment for primitive marrow progenitors. The majority of colony-forming cells including multipotential progenitors in the marrow cells from 5-fluorouracil(5-FU)-treated mice were J11 d.2+. whereas most of the progenitors from normal mice were J11 d.2-. In addition, formation of multilineage colonies from J11 d.2+ in both 5-FU-treated and normal mice was augmented by interleukin 6. These observations indicated that MoAb J11 d.2 recognizes cell cycle-dormant progenitors. We have re-E RECENTLY described a simple method to prepare a population of murine marrow cells that was highly enriched for the cell cycle-dormant multipotential progenitors.' Bone marrow cells harvested from mice 2 days after injection with I50 mg/kg 5-fluorouracil (5-FU) were enriched for progenitors by the combination of density-gradient centrifugation, negative immunomagnetic selection using lineage-specific monoclonal antibodies (MoAbs), and fluorescence-activated cell sorting (FACS) with MoAb D7 (antiLy-6A/E).' Although we have achieved 800-fold enrichment for multipotential progenitors by this method, the resulting cell preparation was not a pure population of progenitors. Therefore, we wished to improve the enrichment by use of an additional MoAb in two-color FACS sorting.
lymphocytes but does not recognize day 7 colony-forming units in spleen (CFU-S), mature T lymphocytes, platelets, or monocytes/macrophages.' It was also reported that lineagenegative (Lin-) Thy I + J l ld.2-cells from normal mice are enriched for colony-forming units in culture (CFU-C), day 12 CFU-S, and the progenitors capable of long-term hematopoietic reconstitution of lethally irradiated mice. 3 Based on these observations, we tested whether MoAb J I ld.2 could be used for further enrichment of murine marrow cells for primitive progenitors. We studied colony formation supported by a combination of interleukin-3 (IL-3) and erythropoietin (Ep) and a combination of IL-3, IL-6, and Ep from purified marrow cells of normal mice and mice treated with 150 mg/kg 5-Eu 2 days before. Results of our studies indicate that MoAb J I ld.2 recognizes cell cycle-dormant lymphohematopoietic progenitors but not more mature, actively dividing progenitors. This antibody, when used in combination with MoAb D7, yielded a population of enriched marrow cells that consisted mostly of primitive hematopoietic progenitors. City, OK. MoAb D7 was purified from culture supernatant of the hybridoma by affinity chromatography on Protein G Sepharose 4 Fast Flow (Pharmacia LKB Biotechnology, Piscataway, NJ). Hybridoma J 1 ld.2* was obtained from American Type Culture Collection, Rockville, MD. MoAb J 1 ld.2 was purified from culture supernatant of the hybridoma by (NH4)2S04 precipitation and was conjugated with NHS-biotin (Vector Laboratories, Inc, Burlingame, CA) according to manufacturer's recommendation. Biotin-conjugated rat anti-mouse Vp14 T-cell receptor (Clone 14-2, rat IgM)" was purchased from PharMingen, San Diego, CA. Rat IgG was purchased from Accurate Chemical and Scientific Corp, Westbury, NY.
MATERIALS AND METHODS

MoAb
The source of recombinant murine IL-3 was medium conditioned by Chinese hamster ovary cells that had been genetically engineered to produce murine IL-3 at high titer (=70,000 U/mL) and was provided by Dr T. Sudo of Biomaterial Research Institute, CO Ltd, Yokohama, Japan. Recombinant human IL-6 was kindly provided by Dr M. Naruto of Toray Industries, Kamakura, Japan. Recombinant human granulocyte colony-stimulating factor (G-CSF) with specific activity of IOs U/mg protein was provided by Dr Lawrence M. Souza of AmGen, Thousand Oaks, CA. Partially purified human urinary Ep with specific activity of 250 U/mg protein was a gift from Dr M. Kawakita, Kumamoto University, Kumamoto, Japan. Recombinant human IL-7 was provided by Dr C. Faltynek of Sterling Drug Inc, Malvern, PA. The conditioned medium (CM) of COS cells transfected with an expression plasmidcontaining mouse steel factor (SF) cDNA was provided by Dr D. Donaldson of Genetics Institute, Inc, Cambridge, MA. Pokeweed-mitogen spleen cell-conditioned medium (PWM-SCM) was prepared as described previ- Preparation ofcells. Ten-to 15-week-old male BDF, mice were obtained from Charles River Laboratories, Raleigh, NC. 5-FU (Adria Laboratories, Columbus, OH) was administrated intravenously through the tail veins of mice at 150 mg/kg body weight of micel*~" and bone marrow cells were harvested from mice 2 days later. Bone marrow cells were also harvested from normal mice. Single cell suspensions were prepared from pooled femurs and tibiae of mice. Bone marrow cells were enriched for cell cycle-dormant progenitors by metrizamide density separation and negative immunomagnetic selection with lineage-specific MoAbs. ' The Lin-cells from 5-FU-treated or normal mice were incubated with biotin-conFlow cytometric analysis and FACS cell sorting. Flow cytometric analysis and cell sorting were performed on a FACStar Plus (Becton Dickinson. Mountain View, CA) with the settings described previously.' Cells were sorted into 12 X 75-mm roundbottom plastic tubes (Becton Dickinson Labware, Lincoln Park, NJ) containing 2 mL of a-medium (ICN Biomedicals Inc, Costa Mesa, CA) with 0.1 % BSA.
Primary methylcellulose culture was performed in 35-mm Falcon Petri dishes (Becton Diclunson Labware).
One milliliter of culture mixture consisted of bone marrow cells, amedium, 1.2% 1,500 cps methylcellulose (Fisher Scientific CO, Norcross, CA), 30% fetal calf serum (FCS) (Hyclone Laboratories Inc, Logan, UT), 1% deionized fraction V BSA, 1 X mol/L 2-mercaptoethanol (Sigma), and growth factors. The number of cells plated varied according to the sources and degrees of enrichment and are specified for each experiment. Dishes were incubated at 37°C in a humidified atmosphere flushed with 5% CO2. Colonies were scored on day 1 1 to 14 of incubation on an inverted microscope according to the morphologic criteria described p r e v i o~s l y .~' .~~ Abbreviations of colony types are GM, granulocyte/macrophage colonies; E, erythroid bursts: Mast, mast cell colonies: M, megakaryocyte colonies: GMM, granulocyte/macrophage/megakaryocyte colonies; GEM, granulocyte/erythrocyte/macrophage colonies; B 1, blast cell colonies; GEMM, granulocyte/erythrocyte/macrophage/megakaryocyte colonies.
To document the full myeloid potential of the progenitors, all primary colonies were individually lifted from a dish after 7 days of incubation, washed three times with a-medium containing 0. I% BSA, and then individually replated in a Falcon 96-well flat-bottom tissue culture plate (Becton Dickinson Labware). The culture medium consisted of amedium, 30% FCS, 1% BSA, I X mol/L 2-mercaptoethanol, and a combination of 50 U/mL IL-3,25 ng/mL IL-6, 25 U/mL G-CSF, 3% (vol/vol) COS-CM containing SF, and 2 U/mL Ep. The plate was incubated at 37°C in a humidified atmosphere flushed with 5% COz. A small sample of cells was harvested from each well every 2 to 3 days for cytologic analysis with May-Griinwald-Giemsa stain.
Studies of lymphohematopoietic progenitors were performed by the two-step methylcellulose culture method described recently." Cells were plated in primary culture in two different ways. First, sorted D7+ J I ld.2+ cells were plated in primary culture at 100 cells/dish. Second, to assure clonality of the growth, D7+ J1 ld.2+ cells were individually plated in primary culture by micromanipulation. 16 The primary culture medium consisted of a-medium, 1.2% 1,500 cps methylcellulose, 30% FCS, 1% BSA, I X mol/L 2-mercaptoethanol, and a combination of growth factors consisting of 5% (vol/vol) PWM-SCM, 3% (vol/vol) COS-CM containing SF, 500 U/mL IL-7, and 2 U/mL Ep. The primary colonies were individually harvested from dishes after 1 I days of incubation, washed, and plated in secondary lymphoid cultures containing a-medium, 1.2% methylcellulose, 30% FCS, 1% BSA, 1 X mol/L 2-mercaptoethanol, 3% COS-CM containing SF, and 500 U/mL IL-7. Pre-B-cell colonies were scored after IO to 12 days of incubation. Table 1 . In this experiment, 100 J1 ld.2+ cells produced 28 colonies, including 9 GEMM colonies, in the presence of IL-3, IL-6, and Ep. It was estimated that the J1 ld.2+ cells are enriched for CFU-GEMM by a factor of 7.5 relative to Lincells. Consistent with our earlier observations with IL-6," development of GEMM colonies from both Lin-and J 1 ld.2' cells was augmented by IL-6. However, the presence of IL-6 in cultures had no effect on the formation of GEMM colonies from J 1 1 d.2-cells. Table 1 indicate that J1 ld.2 may be a marker for noncycling primitive hematopoietic progenitors. To test this hypothesis, we studied colony formation from bone marrow cells of normal mice that were separated on the basis of J1 ld.2 expression. The sorting windows for J 1 ld.2-and J 1 ld.2+ cells that were determined on the basis of the isotype control were identical to those for post-5-FU marrow cells (Fig 2) . Sorted marrow cells were cultured in the presence of IL-3, IL-6 plus Ep, or IL-3 plus Ep. As shown in Table 2 , the majority of colony-forming cells were present in the J l ld.2-fraction. Addition of IL-6 to IL-3 significantly enhanced the formation of GEMM colonies from J 1 ld.2+ but not J 1 ld.2-cells. These results were interpreted to indicate that the majority of progenitors in the normal marrow are in the cell cycle and do not express J1 ld.2. Tables 1 and 2 indicate that J1 ld.2 may be a marker for primitive progenitors and that MoAb J1 ld.2 may be used to enhance purification of the early progenitors in combination with MoAb D7. Consequently, we tested colony formation from Lin-D7+ post-5-FU marrow cells that were separated on the basis of J 1 ld.2 expression. Lin-marrow cells from 5-FU-treated mice were labeled with MoAb D7 and biotin-conjugated MoAb J 1 ld.2, stained with R-PE-conjugated goat anti-rat IgG and FITCstreptavidin. The sorting windows for D7+ J 1 ld.2-and D7+ J l ld.2+ cells are shown in Fig 3. Table 3 is an example of the culture study of Lin-, D7+ J1 ld.2-, and D7+ J1 ld.2+ cells. In this experiment, D7+ J 1 ld.2+ cells were 13-fold enriched for CFU-GEMM relative to Lin-cells and showed 52% total colony-forming efficiency. There was significant enhancement by IL-6 of GEMM colony formation from Linand D7+ J 1 ld.2+ cell populations. We previously estimated that Lin-cells are about 150-fold enriched for CFU-GEMM compared with unfractionated post-5-FU marrow cells.' Therefore, it was calculated from Table 3 Mean + SD of colony number in quadruplicate cultures examined on day 14. Concentrations of factors are described in the legend for Table 1 .
RESULTS
Enrichment by MoAb
Colony formation from normal marrow cells sorted on the basis of JI ld.2 expression. The observations presented in
Enrichment for CFU-GEMM by FACS sorting with MoAbs 0 7 and Jlld.2. Results presented in
to unfractionated post-5-FU cells. To more accurately estimate the degree of enrichment, we performed a total of five experiments. Average enrichment for CFU-GEMM in the D7+ J1 ld.2' cells relative to Lin-cells was 15-fold and the recovery of CFU-GEMM was 63%. Therefore, the total cumulative enrichment for CFU-GEMM in the D7+ JI ld.2+ cells and the recovery of CFU-GEMM were estimated to be 2,250-fold and 2 I%, respectively. Earlier, we observed that myeloid lineage expression is often asynchronous and sometimes transient during colony development, and that colony identification on a fixed culture day may underestimate the multilineage nature of hematopoietic c01onies.l~ To evaluate the full lineage potential of the enriched progenitors, we replated individual colonies derived from D7' J l ld.2+ cells in suspension culture and performed serial cytologic analysis of the cultures for 2 weeks. The results are presented in Table 4 . A variety of types of multilineage colonies were seen. Over 60% of the progenitors in the D7+ J 1 ld.2+ cells proved to be multipotential progenitors capable of expressing three or more lineages. for CFU-C and day 12 CFU-S and contained progenitors responsible for long-term reconstitution of lethally irradiated mice. Based on these observations, we tested whether J1 ld.2 may be differentially expressed by murine marrow progenitors.
Our cell culture studies of post-5-FU and normal marrow cells indicated that J 1 ld.2 is expressed by cell cycle-dormant progenitors but not by more mature cycling progenitors. Our conclusion was based on several observations: ( I ) the majority of progenitors in the post-5-FU marrow cells are in the JI ld.2' fraction; (2) the majority of progenitors in normal mice are in the JI ld. were lymphohematopoietic progenitors. Serial cytologic examinations of suspension cultures of primary colonies showed that more than 60% of the progenitors are multipotential in regard to myeloid lineages. These results indicate that our relatively simple method of progenitor enrichment using single-laser sorting may be useful for studies of the mechanisms regulating early hematopoiesis of mice.
